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Abstract

For most of Medicine’s past, the best that physicians could do to cope with disease prevention and 

treatment was based on the expected response of an average patient. Currently, however, a more 

personalized/precise approach to cardiology and medicine in general is becoming possible, as the 

cost of sequencing a human genome has declined substantially. As a result, we are witnessing an 

era of precipitous advances in biomedicine and bourgeoning understanding of the genetic basis of 

cardiovascular and other diseases, reminiscent of the resurgence of innovations in physico-

mathematical sciences and biology-anatomy-cardiology in the Renaissance, a parallel time of 

radical change and reformation of medical knowledge, education and practice. Now on the horizon 

is an individualized, diverse patient-centered, approach to medical practice that encompasses the 

development of new, gene-based diagnostics and preventive medicine tactics, and offers the 

broadest range of personalized therapies based on pharmacogenetics. Over time, translation of 

genomic and high-tech approaches unquestionably will transform clinical practice in cardiology 

and medicine as a whole, with the adoption of new personalized medicine approaches and 

procedures. Clearly, future prospects far outweigh present accomplishments, which are best 

viewed as a promising start. It is now essential for pluridisciplinary health care providers to 

examine the drivers and barriers to the clinical adoption of this emerging revolutionary paradigm, 

in order to expedite the realization of its potential. So, we are not there yet, but we are definitely 

on our way.
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It is more important to know what sort of person [individuality] has a disease, than to 
know what sort of disease a person has —Hippocrates (460-370 BCE), and Sir William 
Osler (1849–1919)

Diathesis (Gk., signifying a constitutional predisposition toward a particular state or 

condition and especially one that is abnormal or diseased) … is nothing else but a chemical 
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individuality … the factors which confer to us predispositions to and immunities from 
the various mishaps which are spoken of as diseases, are inherent in our very chemical 
structures — Sir Archibald Garrod (1857–1936)

1. Hippocratic origins of personalized medicine

Every patient is unique or distinctive, and the evolving field of personalized medicine 

(PMed) aims to ensure the delivery of the proper treatment to the right patient at the right 

time. It was Hippocrates (born c. 460 BC, island of Cos, Greece; died c. 375, Larissa, 

Greece), the Father of modern Medicine [1] (see Fig. 1), who first underscored the patient as 

the most important determinant of therapeutic efficacy. He had somehow recognized the 

central principle of PMed: human beings are innately (genetically) different from one 

another, and this individuality affects both their predisposition/susceptibility to disease and 

their response to therapeutics [2]. Accordingly, optimal clinical practice must entail a 

personalized or individualized approach to diagnosis and treatment. The ramifications of 

such a personalized approach and resultant ideas also extend into academic realms 

traditionally reserved for the social sciences, philosophy, ethics and religion, as well as 

jurisprudence, the discipline of what is just and unjust.

Hippocrates advanced a rational, targeted therapeutic strategy. Treatment should be 

etiological (cause-oriented) rather than phenomenological (symptom-oriented) [Places in 

Man; v. VIII, 1995]. Therefore, it is necessary to inquire into and treat the etiology or cause 

[Nature of Man; v. IV, 1931] of why manifest symptoms come about [Ancient medicine; v. I, 

1923] [3]. It is essential to first understand disease pathophysiology, which in turn requires 

the knowledge of human biology [Nature of Man; v. IV, 1931] [3].

Hippocrates was the first to highlight that there are critical natural nonuniformities and a 

great difference in the constitution of individuals: each person exhibits one’s idiosyncrasia 
(idiosyncrasy) [On Joints; v. III, 1928] [3]. Idiosyncrasy predisposes to or protects from 

particular diseases [The Sacred Disease (Epilepsy); v. II, 1923] [3]. The individuality that 

Hippocrates first identified is today understood at long last as an individuality at the level of 

the genome/epigenome, which encode the information that governs the human body’s 

composition, traits, disease predisposition, response to treatment, and prognosis.

2. Genomic structures weave a thread through modern medicine: gene 

therapy

Developments and breakthroughs in the basic sciences and biotechnology have in our day 

revolutionized medical research, including cardiovascular investigations, bringing about 

diversified advances many of which could not have been forecasted even 1–2 decades ago. 

Progress in computational methods, biomedical engineering, multimodal and multiscale 

imaging, molecular and cellular biology and genetic engineering, genomic sciences, 

proteomic technologies, and epigenetics are among the many advances that have speeded up 

the pace of biomedical research. Today we are aware that biology creates its structures—

proteins, hormones, cells, tissues, organs and the like—by putting genes into intricately 

regulated action.
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In our own species there are roughly 21,000 protein encoding genes (estimates continue to 

fluctuate), and genome-wide variation from one person to another can be up to 0.5% (99.5% 

agreement). Interestingly, cats have 90% of homologous genes with humans [4] and 50% of 

Drosophila melanogaster (“fruit fly”) protein sequences have mammalian homologs [5], 

while about 75% of known human disease genes have a recognizable match in the genome 

of D. melanogaster [6]. Evidently, all organisms have a common ancestor and therefore 

share many components of their genomes. Individual genes function collectively as the parts 

of a programing language for the formation of an enormous variety of products of diverse 

form and function. Organisms cast themselves in many distinctive shapes and amazingly 

disparate species by using much the same set of genes “programed”—in conjunction with 

“environmental/epigenetic factors—to become activated in precise progressions and 

operational integrative patterns, in health and disease.

2.1. The restructuring of genetics and its convergence with medicine

Genetics nowadays has established itself not only just as a specialty of medicine but also as 

a thread throughout all of health care [7] and is now embarking on the most ambitious and 

inventive phase of its existence. By 1965, when I was being taught different aspects of 

molecular biology—a melding of biochemistry and genetics—by the Medicine Nobel 

Laureates Severo Ochoa and Baruch Benacerraf at NYU School of Medicine, molecular 

biology had laid bare the basic secrets of genetics residing on the DNA double helix 

consisting of antiparallel helical strands, with complementary bases. Without the ability to 

manipulate genes, however, the understanding was more theoretical than operational.

In the 1970s, this situation was transformed by the recombinant DNA technology, which led 

to transgenic organisms and gene therapies. A variety of enzymes were discovered, made by 

bacteria, which allowed DNA manipulation as needed. Bacteria make restriction enzymes, 

which cleave DNA at specific sequences and function as defense against invading viruses, 

and ligases, which join DNA fragments. With these and other tools—which today are 

available commercially—it became possible to cut and paste DNA fragments from one 

genome to another as desired and using a variety of recombinant DNA technologies 

introduce them, through a vector, into cells to supplant variant defective human gene(s) 

directly and thereby enable endogenous production of desirable compound(s). Such 

nanoscale therapeutic interventions can result in as impressive outcomes as conventional 

interventional cardiology procedures [8].

Generally, gene transfer entails adding a functional gene (a transgene) into a recipient’s 

body, correcting a dysfunctional gene to wheedle tissue production of desirable compounds 

endogenously, or altering the expression of a naturally occurring gene; accordingly, gene 

transfer and gene therapy are not synonymous. Today, DNA fragment cloning procedures 

altering gene expression also allow investigators to reproduce unlimited quantities of 

specific DNA molecules and, along with the polymerase chain reaction (PCR) that allows 

one to directly amplify a specific DNA sequence and the invention of DNA sequencing—the 

process of determining the order of bases in a segment of DNA—have led to mapping and 

detailed understanding of many individual genes and coordinated, integrative gene networks.
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In consequence, in our time, it is acknowledged that virtually all human ailments/disorders 

excluding random trauma, have some genetic component. Since certain portions of genetic 

information are unique to each individual, genetic variation/dissimilarity has some bearing 

on every aspect of human biology, development, morphomechanics, and miscellaneous 

adaptations. Consequently, identifying and understanding human genetic variation should 

play a pivotal role in promoting health and fighting against disease. This paradigm-changing 

realization has generated exceptional opportunities for advancing medical science and holds 

promise for upgrading clinical care and health outcomes. It has fostered the advent of a 

personalized precision medicine [9] nearly two-and-a half millennia after it was envisioned 

by Hippocrates [2], notwithstanding the technological constraints of his times.

3. Human diversity brings about the personalized medicine/cardiology 

paradigm

The advent of PMed came about as the inevitable outcome of momentous scientific and 

technological innovations. To begin with, great strides toward patient-specific 

pathophysiological and diagnostic investigations, including the outcomes of therapeutic 

interventions, supplemented spectacular advances in computer-assisted numerical 

simulations of normal and pathological cardiac fluid and myocardial mechanics, and 

hemodynamics [10–24]. Such simulations employ data-rich modeling of dynamic 3D 

“functional imaging” geometry from multimodal in vivo imaging and solid-state 

multisensory catheterization studies, in experimental animals and in patients being evaluated 

for cardiac disease and effectiveness of therapeutic procedures [10,25].

3.1. Patient-specific cardiovascular dynamics simulations using multimodal measurements

In digital computer simulations multimodal cardiac images and catheterization 

measurements become numerical data, so they can be subjected to mathematical 

manipulations that correspond to the physics of the cardiomechanics processes (e.g., right 

and left ventricular systolic contraction and ejection [19,22,26–28], diastolic relaxation and 

filling [29–34]) that are being simulated. Digital computer simulation works well as long as 

we can accurately reduce the process/phenomenon under investigation to a numerical 

description for mathematical manipulation. It then becomes numerical data that can be acted 

upon by powerful algorithms comprising a massive set of arithmetic operations or sequences 

of arithmetic and logical steps; these operations can be executed swiftly on powerful 

computers. Anatomically detailed models of the ventricles, including myocardial fiber 

orientations and laminar structure, have been used to reconstruct the dynamic, patient-

specific, morphomechanical behavior of the whole organ working in situ, under diverse 

conditions of health and disease [10–24].

3.2. DNA variants and personalized strategies for diagnosis/treatment of genetic diseases

State-of-the-art developments in PMed issued from the Human Genome Project (HGP) in 

2001 and the International HapMap Project in 2005 [35]. The HapMap is a catalog of 

common genetic variation, or haplotypes, in the human genome; a haplotype is a collection 

of alleles arranged linearly along a person’s DNA molecule. In 2010, the third phase of the 

HapMap project was published; HapMap data have accelerated the search for genes 
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implicated in common human diseases [36]. These developments hinge on technology and 

tools created through the HGP; they delineate an individual patient’s essential biology—

DNA, RNA, or protein (see Fig. 2)—which, taking everything into consideration, 

predisposes to or results in disease. They also subserve efforts to characterize the genomes 

of animal models used extensively in genomic research, including mice, roundworms, and 

fruit flies.

Many cardiovascular genetic disorders occur in high frequency in the population, ostensibly 

because their life-threatening injurious effects typically are delayed well beyond 

reproductive-age onset. The sequencing of the human genome has allowed linkage of a 

growing number of diseases—including cardiac arrhythmias [37–39]; ischemic heart disease 

[40–43]; assorted cardiomyopathies (see Table 1; the data listed are a tip of the iceberg) 

[35,44–46]; congestive heart failure [47,48]; and hypertension [49–51]—to numerous 

genetic variants (Fig. 2) and multicomponent/multifactorial genomic abnormalities [10,35]. 

An exemplary demonstration is the 1985 Nobel Prize-receiving discovery by Michael Brown 

and Joseph Goldstein [52,53] that mutations of the low density lipoprotein (LDL) receptor 

gene family affecting the LDL cell-surface receptor—an 839 amino-acid protein that 

mediates the endocytosis of cholesterol-rich LDL—cause hypercholesterolemia, 

development of atherosclerosis, and early-onset myocardial infarction. This finding has 

resulted in LDL-cholesterol lowering therapies that lessen cardiovascular-event risk.

However, most currently available drugs target a single gene or protein disregarding the 

dynamics of highly complex biomolecular networks that collectively drive gene expression 

and cellular/organ functions. It then follows that most do not treat common multifactorial 

disorders, while diagnostics and biomarkers available in tandem are unable to predict tissue-

specific cellular reactions to genetic and epigenetic alterations—we are not simply the sum 

of our genes—as well as drug effects in individual patients and disparate patient groups. 

Clearly, uncovering the precise risk factors for multifactorial disorders will require a 

staggering amount of data from a huge number of individuals. Accordingly, substantial 

potential benefits should accrue by applying personal whole genome analysis of individual 

patients for personalized treatments. In addition, the discovery/development of next-

generation drugs should be shifted from the conventional “one-size-fits-all” approach to 

gene network-associated disease mechanisms integrating genome science and network/

systems-biology dynamics.

In this context, significant advances have been made in mapping many molecular pathways 

by which genetic variants or mutations manifest themselves as cardiovascular disease [54]. 

These advances have enabled development of diagnostic tools that can set apart well-defined 

subtypes of what had previously been considered as a single disease, together with 

molecular agents that target each subtype, thus providing the basis for effective personalized 

cardiology (PCard) (Figs. 3 and 4). The utility of whole-genome sequences has stimulated 

the development and application of genomic technologies, such as microarrays and next-

generation genome sequencing (NGS), which are reviewed in Appendix A.
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3.3. Gene function prediction directly from genomic sequence data

In parallel with the mapping types of analysis, the availability of enormous quantities of 

genomic sequence data, accruing from the human and other genome sequencing projects, 

has motivated computational investigations of gene function prediction directly from 

genomic sequence data, bringing into play statistical analysis and automated pattern 

recognition software—e.g., the online Genome Sequence Annotation Server (GenSAS), 

https://gensas.bioinfo.wsu.edu/. The archetypical rule in predicting gene function by means 

of a computational approach is guilt/honor by association, asserting that qualities of one 

item are inherently qualities of another simply by way of an inapt association: if two genes 

are structurally related, then they may express comparable functions.

However, such designations/attributions are fraught with problems. Specifically, a “gene” is 

not an appropriate unit for the purpose of predicting function, given that the vast majority of 

human genes are alternatively spliced and most are spliced in a tissue-dependent manner 

resulting in disparate expression patterns/profiles. We make protean use of our genes; in 

different tissues a single gene may generate multiple transcript variants and protein isoforms 

with functions as different as those of different genes, thereby greatly expanding the 

repertoire of the 20,000 or so genes in the human genome. Additionally, chemical epigenetic 

modifications of DNA that do not affect the primary base-pair sequence also affect gene 

expression. Moreover, close scrutiny of the term “function” in the context of genomic 

biology shows that genes act in complex interdependent ways to bring about cellular 

processes, and do not function in isolation.

Conceivably, however, computational gene function prediction, recognizing the parts of the 

genomic DNA sequence that contain pertinent biological features, might expedite and assist 

in the many-sided process of inferring regulatory multicomponent networks of genes 

interacting in various cellular processes. And a host of increasingly sophisticated algorithms 

can predict whether a mutation is likely to change the function of a protein, or alter its 

expression [55].

4. Diagnostic DNA sequencing systems

The translation of vast genomic data/information into metabolic function, normal and 

abnormal physiology, and disease potential, is a great challenge of PMed. Achieving this 

goal means confronting several challenges in correlating genome sequence information and 

gene function with normal/disease phenotypes, identifying molecular metabolic engines that 

drive cellular processes, delineating genetic regulatory networks, and understanding normal 

and diseased tissue and organ integrative function beyond individual cells. Techniques 

involved in these investigations include (but are not limited to) immunohistochemistry, in-

situ hybridization, mutational analysis, protein analysis, cell culture and isolation, PCRs, 

expression profiling, blotting and microarrays.

Sequencing DNA and RNA molecules in human normal and disease samples is an integral 

component of a wide variety of PMed applications. As DNA sequencing technology 

progresses, it affords researchers and clinicians a variety of tools to probe the order of 

nucleic acid residues in genomes in great depth, a precondition for subsequently 
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investigating how genome sequence variants and their expression patterns underlie 

phenotype and disease. Powerful innovative methods of personal genome studies are 

opening up new insights into genomic complexity and PMed, and permit high-throughput 

sequencing to be not only a discovery activity but also a practical assay for hypothesis 

testing. A few selected high-throughput sequencing methods are considered in Appendix A.

5. From traditional trial-and-error to personalized precision medicine

Because of poor cost-effectiveness of the—often only modestly efficacious in heterogeneous 

patient groups—population-biased “one-size-fits-all” approach, attention is again turning 

from standard-treatment and conventional drug development, to Hippocrates’ ancient 

paradigm, highlighting personalized (patient-specific) chemical molecular considerations à 

la Garrod—see Epigraphs. Currently, genetic/genomic and related developments allow 

precise diagnosis, not based on phenomenology alone, and precise treatment of an 

expanding number of cardiovascular diseases much earlier and with greater accuracy than 

ever before [10, 35,54,56,57]. Therapy can now be customized, optimizing the efficacy of 

drug treatments while minimizing side-effects (see Fig. 3).

However, progress in realizing the clinical promise of PMed has been slower than hoped. 

Paradigm change rarely happens quickly. Today, for the most part, practicing cardiologists 

continue—as do most physicians [58]—to carry out conventional medicine. Therefore, the 

inherent variability among different individuals has a huge adverse effect on the quality and 

cost—collectively, billions of unintentionally wasted dollars—of national healthcare. It is 

exceedingly rare for a drug to be efficacious for everyone at all times (Fig. 3).

Successful pharmaceuticals deliver the looked-for response in the range of 50–75% of cases, 

and the percentage of patients in whom a diagnosis has been made on the basis of customary 

clinical evaluation but for whom standard drug treatment is ineffective ranges from 38% to 

75% [59]. For some cardiovascular drugs, such as statins routinely used to lower cholesterol, 

as few as 1 in 50 may actually benefit [60,61].

Such statistics confirm the pressing need for suitable diagnostic tests to anticipate who 

should and who will likely not respond to prospective treatments, considering that many 

drugs (including notably, in a cardiological context, the statins) have “pleiotropic” (from the 

Gk. words pleion, signifying more, and tropos, connoting direction or way) effects, which 

may be beneficial, neutral, or even undesirable and acknowledged as adverse side-effects. 

For instance, cholesterol-independent beneficial pleiotropic effects of statins have to do with 

improving or restoring endothelial function, attenuating vascular and myocardial adverse 

remodeling, decreasing oxidative stress and vascular inflammation, enhancing the stability 

of atherosclerotic plaques, and inhibiting the thrombogenic response [62,63]. Many of these 

pleiotropic effects are mediated by inhibition of isoprenoids, which serve as lipid 

attachments for intracellular signaling molecules [35,36,129].

Imagine receiving a full diagnosis from a simple peripheral blood sample, or the capability 

to tailor the precisely corrective treatment to an individual patient’s genetic makeup, taking 

into account specific susceptibilities to side-effects. Today’s informatics technologies allow 
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sophisticated websites to precisely and speedily tailor their offerings to a prospective buyer’s 

specific profile and history. It remains to be seen whether genetic testing data-processing 

could reach this level of personalization in the not-too-distant future, or whether providers 

may prove too reluctant to move away from the “one-size-fits-all” paradigm revolving 

around “standards of care,” despite genomic multi-disciplinary scientific advances that are 

forging ahead.

What if we could apply a patient’s genetic information to gain insights into the genetic 

variations of diseases and expedite drug development, to create more precise therapies? This 

is the essential goal of personalized precision medicine. Auspiciously, regulatory agencies 

such as the FDA have started to recognize the importance of individual patient responses; cf. 

FDA’s “boxed warning” on clopidogrel—clopidogrel (Plavix) is a prodrug that requires 

biotransformation by cytochrome P450 (see discussions in Sections 9 & 9.1) to generate its 

active metabolite [64]—FDA’s warning addresses the need for pharmacogenomic testing to 

identify patients’ atypical clopidogrel metabolism and ensuing risk for a suboptimal 

antiplatelet response [65,66].

6. Molecular genomic decoding of phenotypic diversity

Deciphering the functional/morphomechanical impacts of molecular variants in the human 

genome entails ascertaining their effects on gene expression. At present, molecular 

biologists are at work figuring out the function of all genes and associating DNA attributes 

with individual phenotype as well as medically relevant human characteristics. In contrast to 

the conventional trial-and-error medicine, personalized precision medicine exploits 

sophisticated diagnostic testing to identify accurately the precise disorder/abnormality. To 

come to the most suitable treatment and determine right prescription dosages, the PMed 

approach takes into account the individual patients’ unique genotypic biochemistry and 

resulting physiologic capacity to metabolize particular medications (see Figs. 3 and 4).

Implicit in the PMed approach to clinical practice is Aristotle’s portrayal of (patho) 

physiology/morphomechanics as the exquisite matching of form and function, down to the 

molecular level. For Aristotle (born 384 BC, Stagira, Greece; died 322 BC, Chalcis, Greece), 

living organisms were exquisite assemblies of systems; of organized structures and 

mechanisms. Aristotle’s idea was that heredity was the flow of information, a river of code 

embodying messages to create materials and formulate functions, which moved from 

fertilized egg to the embryo—it was the system that carried across generations the 

instructions to mold an embryo.

6.1. Variable gene expressivity and regulatory controls

Phenotypic diversity among individuals is a result of variations in DNA sequences as well as 

of environmental effects, including external triggers or random chance effects on genes that 

may have variable “expressivity” or incomplete (reduced) “penetrance” [67]. Reduced 

penetrance and variable expressivity are probably caused by a combination of genetic, 

environmental, random chance, and lifestyle factors; they imply that the probability that an 

individual inheriting disease-genes will actually manifest the disease phenotype may be <1.
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For instance, the exhibited features of Marfan syndrome vary extensively [35,68]: some 

individuals have only mild symptoms (such as being tall and thin, with long fingers), while 

others experience life-threatening complications as well, involving the heart and the aorta. 

Although the features are highly variable, most persons with this disorder have a mutation in 

the same gene (fibrillin-1, FBN1), which exhibits variable expressivity. Fibrillin, the product 

of FBN1, is a glycoprotein constituent of microfibrils that provides a scaffold for the 

deposition of elastin; it is especially abundant in the connective tissues of the aorta. Because 

of incomplete penetrance, one cannot conclude that an unaffected person has inherited a 

normal copy of the gene. Correspondingly, reduced penetrance can render it challenging to 

interpret a patient’s family medical history or predict the risk of passing a genetic condition 

to future generations.

Genes can be regulated, i.e., turned “on” and “off” at proper times and in appropriate 

contexts by particular cues/signals coming from outside the genome and interacting with 

controlling promoter, operator, and silencer DNA segments/“switches” located alongside the 

genes; this allows genes to adapt their function to their changing “environment,” and to 

specify the unique and modifiable morphomechanical features of distinct cells, tissues and 

organs, each specialized to perform different bodily functions [69]. These bodily 

components, which all developed from the original totipotent zygote, cannot have any 

formative change in their phenotype—a novel phenotypic state—without an altered genetic 

integrative function pathway. Details of how their genes/DNA might specify during 

embryogenesis and subsequent stages of life the development of complex structures found in 

humans and other higher organisms in health and disease remains still a major opaque/

unsolved problem. Regulatory mechanisms controlling the expression of many of the traits 

involved in cardiological disorders/disease must commonly be polygenic in nature, because 

they implicate complex aspects of the phenotype, including complexly responsive tissues 

and organs of the integrated cardiovascular system.

The amount of transcript of each gene can be treated as a phenotypic trait, since it reflects 

changes in protein function more reliably than DNA markers. Gene expression profiling, 

including use of serial analysis of gene expression (SAGE) [35,70,127], represents a potent 

tool for exploring functional genetic variation using RNA molecular genetic markers. SAGE 

generates complete expression profiles of tissues of interest; it involves the construction of 

total mRNA libraries which enable a quantitative analysis of the whole transcripts expressed 

or inactivated at particular steps of cellular/tissue activation.

6.2. Characterization of global sets of biological molecules: Omics-based tests

Although analysis of single types of biomolecules has proven extremely useful in 

understanding many biological phenomena, the parallel large-scale investigation of DNA, 

RNA and proteins exposes new perspectives in the interpretation and modeling of the 

complexity of normal and disease processes. As a result, fresh scientific disciplines with the 

suffix “-omics” have appeared, encompassing multiple molecular disciplines that entail 

characterization of biological molecules such as DNAs, RNAs, proteins, and metabolites, 

and developing a new understanding of the molecular and genetic basis of disease [71]. In 

these nascent fields, recent advances in the preparation, identification and sequencing of 
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DNA, RNA, and proteins, and in large-scale digital molecular and phenotypic data storage 

and analysis, are bringing about a revolution in our scientific understanding of phenotypic 

diversity among individuals.

Omics-based tests yield complex high-dimensional data; such data are generated through 

measurement of many more predictor variables per sample than the total number of 

individual samples used to generate the dataset; datasets typically result from measurements 

of hundreds-to-thousands of molecules in a relatively small number of individual samples. 

By measuring, in each patient, thousands of genetic variations, mutations, or changes in 

gene and protein expression and activity, clinical investigators are identifying previously 

unknown, molecularly defined disease states and searching for complex biomarkers that 

predict responses to therapy and disease outcome. The analysis of such high-dimensional 

datasets requires appropriate computing power and statistical methods [72]. The accruing 

new understanding is starting to shape the ways in which diseases are managed and how new 

medicines/treatments and accompanying tests are being developed and exploited.

Auspiciously, over the past decade, NIH budgets have aimed toward investigations into 

microRNAs, gene-environment interactions, epigenetics, and translational medicine. In a 

turn from mapping to function, the post-HGP NIH has sponsored new research. Across 

numerous Reports and Strategic Plans, it has listed the resolution of the roles that genes play 

in diseases that exhibit disparities/incongruence among individual patients as a high priority 

of trans-Institute funding (http://www.fda.gov/downloads/ScienceResearch/SpecialTopics/

WomensHealthResearch/UCM334959.pdf; http://www.aascu.org/WorkArea/Download 

Asset.aspx?id=17548).

7. Molecular pathology and diagnostics of disease

Without biological perceptiveness we cannot hope to cure individual diseases/disorders. It is 

constructive to consider that each human individual consists of 100s of trillions of cells, a 

large percentage of which are symbiotic bacteria (microbiome, encompassing many scores 

of bacterial species with their myriad beneficial molecular metabolic products; see Fig. 2) 

located primarily in our gut (http://dx.doi.org/10.1101/036103). We are composed of 

approximately 210 distinct cell types, which contain 20,000–25,000 genes, 10 million 

proteins (including antibodies) and 2,000–3,000 metabolites. Each virtual/representative 

nucleated human cell contains many billion RNA molecules and 6 feet—if stretched-out 

completely—of DNA containing 6,400,000,000 base pairs. Nucleic acids encode cell 

structure-function information.

Most genes encode proteins; when a gene is being expressed, its product is being made. The 

basic science discipline of Molecular Pathology is vital for PMed. It uses molecular 

techniques for the characterization of genetic lesions (DNA) in cell-nuclei, gene expression 

(protein, RNA), gene products (proteomics), and analyses on human DNA, RNA and 

chromosomes to detect heritable or acquired disease-related genotypes, mutations, and 

phenotypes. It includes investigations of how the changes/variations discovered lead to 

disease processes, monitoring of the effectiveness of chosen precision therapies, and 

identification of any residual dysfunctions.
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Whereas genetic (DNA) testing may inform on anticipated lifetime disease risk, gene 

expression (RNA) analysis provides a current-state assessment of a disease by looking at the 

gene expression alterations associated with it. Gene expression levels vary depending on a 

person’s disease status resulting from genetic and environmental factors interacting over 

time. As an example of the utility of gene expression (RNA) profiling in molecular 

pathology and PMed disease diagnostics in cardiology, a brief discussion of the PMed Corus 

CAD test for hemodynamically significant CAD follows [73,74].

7.1. Peripheral blood gene expression score for obstructive coronary artery disease

Corus® CAD (CardioDx, Inc.) uses age, sex, and the gene expression (RNA) profile of cells 

derived from a peripheral venous blood specimen (liquid-biopsy) sent under controlled 

conditions to a certified CardioDx laboratory. The sample is then accessioned, and RNA 

purification and RNA transcription into cDNA by reverse transcriptase are performed; the 

cDNA is then used as the template for the quantitative real time PCR. Since mRNA 

expression profiles can change over several orders of magnitude even in a short time after 

specimen collection, stabilization using liquid nitrogen, RNase denaturing reagents, or RNA 

stabilization reagents, is crucial to avoiding inaccurate results.

Corus CAD helps clinicians identify the likelihood that a patient has coronary artery stenosis 

of at least 50%. It is the only sex-specific test for the evaluation of obstructive CAD because 

it accounts for cardiovascular differences between men and women [73,74]. It was 

developed as an alternative to invasive/noninvasive coronary angiography or myocardial 

perfusion imaging (MPI) by SPECT or PET. It ascertains obstructive CAD in non-diabetic 

patients with no previously diagnosed myocardial infarction or revascularization, presenting 

with typical or atypical symptoms suggestive of obstructive CAD. Corus CAD gauges the 

gene expression (RNA) level of 23 genes to get an individualized score on a scale of 1 to 40

—the higher the score, the graver the obstructive disease. The score is used by cardiologists 

and primary care clinicians for determining whether a non-diabetic patient’s symptoms of 

cardiovascular disease are due to CAD.

8. Molecular genetic biomarkers

Complex tests, known as biomarker tests for molecularly targeted therapies, have the 

potential to enable the selection of the most efficacious treatment—and also to signal 

treatments that may be injurious or ineffectual—for the molecular substructure/

underpinnings of an individual patient’s condition. Such tests are key to realizing the 

promise of PMed. A useful definition encompassing some of the principal uses of a 

biomarker is “a characteristic that is objectively measured and evaluated as an indicator of 

normal biological processes, pathogenic processes, or pharmacologic responses” [75].

Humans are genetically polymorphic: no two individuals will have identical nucleotide 

sequences (apart from identical twins). At any nucleotide locus, some fraction of individuals 

will carry a different nucleotide than the common one, a phenomenon called Single 

Nucleotide Polymorphism (SNP, [35]). Molecular genetic biomarkers comprise soluble or 

suspended molecules—e.g., DNA including SNPs, microRNA, proteins—in the blood, 

urine, or in secretions. Analysis of the sequences of biomarker DNA, RNA, and proteins 
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enables better understanding of fundamental biological function and interactions. The 

clinical utility of biomarker tests for molecularly targeted therapies hinges on consistent 

reliability, a clear-cut clinical objective, and confirmation of improved resultant outcomes. 

Biomarker test development and application are accelerating at a rapid rate, boosted by new 

clinical research discoveries yielding improved understanding of the genetic origins of 

disease. Novel biomarkers may enable the earlier detection of slowly-developing 

cardiovascular diseases, with more-widespread lifestyle-modifications and therapies for 

primary prevention.

Biomarkers might be exploited for direct assignment of individual patients to different 

treatment regimens within a clinical trial (Fig. 3); e.g., enrolling only patients who test 

positive for a biomarker that is known or presumed to be associated with a higher risk of 

subsequent events, or with a higher possibility of responding to a specific type of therapy, 

could reduce the size or duration of a clinical trial.

DNA markers are informative in both basic and applied research, and are useful in the search 

for functional variants of medically remarkable genes. DNA sequence-based markers as a 

group may generally affect levels and patterns of gene expression and gene function, and 

contribute to a person’s susceptibility to various diseases (mutations are one example of 

changes to DNA sequence). RNA and proteins also contain required information, and 

therefore demand parallel study. Generally, however, molecular genetic markers have 

intrinsic limitations. Among limiting factors, genomic and epigenetic heterogeneity can be 

quite problematic, at times.

8.1. Active mutations' expression may be fluctuating over time or transgenerationally

A one-time single sampling of an individual patient may not reveal the biomarkers needed to 

determine prognosis and treatment because the molecular signature of disease may actually 

be shifting/fluctuating over time or remotely in time [76], encompassing transgenerational 

epigenetic effects [77]. A mutation critical in the early development of a particular disorder 

may no longer be active, or mutations that are invariably active in one stage may no longer 

be active in a subsequent one in the natural evolution of the disease. The pace of genome and 

exome (encompassing all the expressed genes in a genome) sequencing is accelerating, and 

one way to help identify active mutations could be to use existing sophisticated 

bioinformatics tools to understand how mutations disrupt networks and to then create 

comprehensive lists of common and active mutations.

Availability of a wide array of genetic biomarkers offers tools for detection and 

characterization of genetic variation. Two forms of DNA sequence-based markers, SNPs and 

simple sequence repeats (SSRs), predominate in contemporary genetic analysis [78,79]. The 

most studied molecular genetic markers, SNPs, are distributed over the whole genome [80]. 

The number of SNPs is estimated to fall mostly within a range from 5–10 SNPs/kbp (kilo-

base-pairs) [81]. Besides SNPs, there are variations in the number of copies of a DNA 

sequence in the >1 kbp size-range, which can increase or decrease gene activity levels; they 

constitute a major source of genetic variation between individuals, underlie many diseases, 

and are not uncommon in the human genome [82].
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9. Pharmacogenomics and pharmacogenetics in personalized medicine

The number of disorders that can be precisely diagnosed and then treated with a highly 

specific therapy is certain to increase dramatically in the coming years. Today, tests are 

available to spot many of the genetic differences, allowing drug dosages to be customized. 

Up until recently, discoveries in molecular genetics had to wait for years to be applied in 

medical practice and such tests had been underutilized, thus resulting in preventable adverse 

drug reactions and undoubtedly billions of dollars in avoidable costs.

Currently, pharmacogenomics and pharmacogenetics are getting trendy, due to the promise 

of targeted medications conjuring images of a future when a test performed by using a 

simple chip will allow patients to be assigned to PMed treatments that are more efficacious 

and with fewer, if any, side-effects (cf. Figs 3 and 4). Indeed, in excess of 100 drugs have 

label information regarding pharmacogenomic biomarkers [83]. Each novel molecular 

mechanism is now applied promptly after its proper identification. As a result, new emerging 

molecular-targeted therapies are being regularly introduced into clinical practice.

Aptly responding to the post-genomic era idea that it is feasible to get a molecular diagnosis 

for individual patients and the ensuing potential for genomic PMed, drug manufacturers 

have begun amassing enormous troves of human DNA data in hopes of significantly 

shortening the time it takes to identify new drug candidates. This move is speeding 

substantially the advent of PMed. Scanning large databases of volunteers, who agree to have 

their DNA sequenced and to grant access to detailed medical records, is now possible by the 

plummeting cost of genetic sequencing.

Clinicians should expect that findings of cardiogenetic testing can bring about psychological 

stress on participants and/or their relatives [84]; for some, WGS will uncover things they 

were not looking for and might not want to know. And, widespread testing could pose 

privacy issues because genomic information is digital and would be easy to distribute.

Presently, it remains unanswered whether developing heterogeneous targeted interventions 

for common multifactorial disorders could become widespread and economically viable. 

The epigenetic principles clearly suggest that, for complex diseases, DNA will never, on its 

own, be a powerful divinatory tool, even when gene functioning is well understood. 

Accordingly, PMed does not restrict itself to genetic or genomics factors but, additionally, 

integrates environmental or behavioral components. Anyway, considering the by far most 

commonly distributed in the population multigenic and multifactorial (also encompassing 

“environmental” factors) diseases, such as CAD, genomic functional prediction in the near 

future will likely be about as accurate as weather prediction; it will be correct to variable 

degrees but far from precise. Massive amounts of data and statistical modeling go into a 

prediction, and stochastic factors can affect the outcome. As data continue to be acquired, it 

will be critical that the genetics specialists should guide the rest of the medical community 

through the disruptive technologies and new service models that arise [85,86].

I should now emphasize that PMed is not just about ascertaining most advantageous 

medications and their dosages. Particularly for some cancers, genetic diagnostic tests can 

help gauge the aggressiveness of the tumor and, eventually, decide whether, e.g., to perform 
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prostatectomy or apply less invasive treatments. Systems biology approaches that identify 

master regulatory genes of disease progression may enable the effective stratification of 

patients—molecular oncologic studies have shown that if a prostate carcinoma lacks genes 

that produce an aggressive type, the malignant cells may remain stable within the prostate 

for decades, obviating the need for radical treatments [87].

In the realm of cardiovascular disease, strides are being made toward identifying genetic 

variants in, e.g., patients who do not respond to particular drugs for managing hypertension 

and heart failure (ACE inhibitors, beta-blockers, calcium channel blockers, and diuretics). 

Naturally, after a connection between a gene and a syndrome is ascertained, procuring a 

reliable diagnostic test for the gene takes time.

9.1. Drug metabolism in individual patients

Most drugs are treated by the body like foreign substances, also known as xenobiotics (from 

the Gk. xenos “stranger” and biotic “related to living beings”). The drug-metabolizing 

system of the body, which involves absorption, distribution, biotransformation and excretion, 

provides a chemical protection generally aimed at detoxifying xenobiotics. Knowledge of 

pharmacokinetics—how a drug gets into and what happens to it in the body, including its 

biotransformation/metabolism, in individual patients is key to PMed because it can convey 

precise understanding of why different patients may not respond in the same way to the 

same medication (Fig. 4). Numerous distinct enzymes, each corresponding to a different 

gene/gene-set, regulate how individuals metabolize drugs.

The cytochromes P450s (CYPs, a superfamily of about 50 heme-containing isoenzymes, 

each encoded by a different gene) are the most important class of drug-metabolizing 

enzymes in humans; they are located either in the inner membrane of mitochondria or in the 

endoplasmic reticulum of cells. CYPs metabolize thousands of endogenous and exogenous 

chemical compounds. Genetic variability (polymorphism) in these enzymes may influence 

an individual patient’s response to commonly prescribed drug classes [88], including beta 

blockers. Personalized aberrations in any of these genes can affect both the minimum 

effective dosage and the maximum one that a person can tolerate without experiencing 

adverse effect(s). Tissue expression of drug-metabolizing enzymes influences susceptibility 

to therapeutic and adverse effects of drugs under different conditions (e.g., drug interactions) 

and in different individuals.

The liver is the major organ of drug metabolism; the extent of metabolism in the major 

extrahepatic drug-metabolizing organs amounts to approximately 10–20% of the hepatic 

metabolism. With aging, the liver’s capacity for metabolism through the CYP450 enzyme 

system is reduced by ≥ 30% because hepatic volume and blood flow are diminished [89]. 

Thus, drugs that are metabolized through this system reach elevated levels and exhibit 

prolonged half-lives in the elderly; age-related changes in kidney function can also have 

similar adverse effects on how fast a drug is eliminated from the body [89].
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10. Challenges in implementing personalized medicine

Genetic variation is sizeable, and each individual, with the potential exception of 

monozygotic twins, possesses a unique DNA sequence. Improved appraisal of genetic 

diversity in humans requires comprehensive assessments using molecular genetic markers. 

Genome-wide association studies (GWAS) (see Appendix A.) have begun to identify large 

numbers of genetic variants that influence the risk of human diseases and variability in high-

dimensional human traits/phenotypes where the number of traits assayed per individual can 

reach many thousand. GWAS search for associations between the genome, typically 

represented as SNPs, and one phenotypic binary or continuous-valued variable/ trait, such as 

a disease indicator or biomarker [54]. GWAS have enjoyed increasing popularity in recent 

years, due primarily to the thousands of genetic variants found to be significantly associated 

with complex traits [90]; there is currently progress made toward raising the predictive 

power of polygenic testing through increased GWAS sample sizes and improved genotyping 

and sequencing technologies.

A striking feature of the newly associated variants is that the top signals often occur at DNA 

sites that do not encode amino-acids [91] but have more intricate actions. DNA variations 

encompass polymorphisms ensuing from substitution of single nucleotides (SNPs), insertion 

or deletion of DNA fragments of different lengths (from a single to several thousands of base 

pairs), or duplication or inversion of DNA fragments. DNA variations are referred to as 

“neutral” when they cause no detectable change in metabolic or phenotypic traits; otherwise, 

they are classified as “functional;” there may be multiple variants of any given gene in the 

human population, leading to polymorphism.

10.1. Genotyping assays and analysis of pleiotropic polymorphisms

As I noted in discussing the statins earlier, some pleiotropic polymorphisms are neutral, 

some are damaging and some beneficial, if not immediately, maybe later on in life. Since 

mutations occur at any place within a gene, there are usually many different alleles for each 

gene. Some may be neutral and some may be deleterious. It is common in recessive 

disorders to find that the individual is a compound heterozygote [92]. This means that he/she 

has two defective genes but they are not mutated at the same site within the gene. Different 

mutations within the same gene give rise to allelic heterogeneity in the gene pool.

Mutations in key nucleotides of a coding sequence may change the amino-acid composition 

of a protein, and lead to new molecular conformations and functional variants. Such variants 

may have an increased or decreased metabolic efficiency compared to the “original,” may 

lose their functionality completely, or even gain a new/unpredictable function. Mutations in 

regulatory regions of the genome may affect levels and patterns of gene expression [93]; 

e.g., turning genes on/off or under/overexpressing proteins in specific tissues at different 

developmental or subsequent stages of life under various conditions, and may lead to or 

contribute to a disease diathesis.

In the final analysis, PMed aims at distinguishing categorically between individuals who are 

more or less likely to respond to a certain medication and, equally, between those who are 

more or less at risk for any adverse side-effects (Fig. 3). With such information/knowledge, 
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more suitable choices for drug therapies can be formulated to maximize the likelihood of 

efficacious treatment while minimizing adverse reaction risk (Fig. 4). Progress is indeed 

being made in this direction: genomics, specific molecular blood biomarker tests, and other 

pertinent patient characteristics are starting to be applied to predict how an individual with a 

particular genotype may behave and respond to medications [94,95]. In fact, the genotyping 

of polymorphic drug-metabolizing enzymes has yielded amended drug dosing for many 

conditions, such as coronary and peripheral artery disease and their sequelae. This has 

helped preempt [96,97] dangerous side-effects, harmful drug interactions, or ineffectual 

treatment (cf. Fig. 2 and Fig. 3).

The genome contains a tremendous amount of data; each individual differs at millions of 

genetic locations from the reference human genome. Genotyping assays and their analyses 

are complicated, and proper comprehension of their findings entails a high level of scientific 

competency. Thus, a conspicuous problem is that the potentially tremendously valuable 

technology has grown faster than the medical practitioners’ ability to understand the vital 

results that it generates; an important gap already exists between the rapidly increasing 

genetic knowledge of cardiac diseases and the medical applications in practice [98].

10.2. Practicality in communicating genomic information in a typical clinical setting

Clinical cardiologists are not molecular geneticists and so a useful test should provide results 

that can be easily understood by busy clinicians, and must be simple to apply in a typical 

clinical setting. Gaps in understanding translational genomics, and cross-disciplinary 

information deficits, along with costs and time-constraints will continue to be challenges to 

the establishment of an improved pathway of research translation and PMed. On the basic 

science side, the efficiency of scientific translation can be improved through the use of 

milestone and outcome-driven management approaches, focusing on research goals and on 

shortening the time lapse between discovery and development.

Better and quicker approaches are needed for performing economic evaluations of genetic 

and genomic tests and of the consequences of assaying particular genetic variants. There are 

significant challenges; because of the large number of bases in the complete haplotype 

genome, even an accuracy of 99.99 percent will produce >300,000 errors per patient. 

Furthermore, many different sources of information will need to be brought together 

efficiently to determine how to move forward with integrating genomic advances into PMed 

in a way that maximizes patient benefit while at the same time making the most economic 

sense.

Discovery of genome-enabled biomarkers, construction of longitudinal registries with 

interconnected molecular and clinical data, design and conduct of biomarker-informed 

clinical trials, and the advancement of novel practice models and implementation research 

for the integration of genomic tools in health care systems, including individualized drug 

development, are all areas that have been attracting attention in recent years. Work in these 

areas should provide new insights into disease and its treatment. In the end, the success of 

PMed relies on the collective efforts of clinicians, patients, and researchers to inform 

research inquiry and translation.
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10.3. Conventional clinical trials and innovative PMed/PCard approaches

The preceding considerations require us to examine each of the major points of tangency 

between the usefulness of conventional clinical trials and the innovative approaches of 

PMed/PCard in order to determine as best we can whether prevailing conventional 

population-based trials are confounding knowledge and unduly impinging upon and 

obstructing PMed/PCard advances. Standard population-based clinical trials gather a handful 

of measurements from thousands of subjects. At the other extreme, N-of-1 or single subject 

clinical trials consider an individual patient as the sole unit of observation in a study 

investigating the predisposition to different interventions and, more specifically, their 

efficacy or side-effect profiles. PMed/PCard require different ways of testing disease 

susceptibility and therapeutic interventions. Investigators need to probe the myriad factors—

mainly genetic and environmental—that shape a given individual’s susceptibility and 

response/reaction to a particular treatment.

The question ultimately is whether the cost of specific prospective clinical trials, properly 

allowing for and characterizing human genome diversity/genomic variances of diverse 

population subgroups, is too high and, if so, whether it could be offset by the increased 

effectiveness of a more penetrating/insightful approach in understanding the causes of and 

determining the treatment of particular human diseases affecting different (genetically 

definable) patients and groups.

Such multi-group clinical trials will also provide identification/increased knowledge about 

the factors that lead to disease or to health, and to treatment success or failure. Already, the 

plethora of genetic data due to technological advances has ushered-in large-scale analyses to 

determine the molecular underpinnings of human disorders. Sophisticated computational 

methods have been proposed for predicting which variants are likely to have functional 

impact and can contribute to changes in phenotype [99,100], and a number of meta-analysis 

suites exist to annotate variants with the results of the prediction methods [101,102].

People vary in their susceptibility to different diseases, and while much of the explanation 

will commonly be due to environmental factors like diet, genetic predispositions play a role 

in many cases. The collection and analysis of DNA samples (see Appendix A) may, in 

conjunction with epidemiological evidence, help lead to the identification of genetic factors 

in various human diseases and eventually to ways to treat or prevent those diseases.

I believe most will agree that one or more of several uses of DNA sampling and sequencing 

justify pursuing this project in PMed/PCard now and with vigor. The definitive answer 

should be empirically knowable. If in the process there appear to be specific areas in which 

even modest actions could be taken with the clear expectation of improving pathogenetic 

understanding and treatment effectiveness, let us take them without undue delay.

11. Future directions for a personalized cardiology: the challenge of the 

post-genomic era

With sporadic exceptions like blood transfusion—based on the four major blood groups 

determined by the presence/absence of the A and B antigens on the surface of erythrocytes, 
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and the Rh factor/antigen which can be present or absent (±)—for most of Medicine’s past, 

the best that physicians could do to cope with disease prevention and treatment was based on 

the expected response of an average patient. Currently, however, a more personalized/precise 

approach to medicine is becoming possible, as the cost of sequencing a human genome has 

declined substantially and is approaching $1000. As a result, we are witnessing an era of 

precipitous advances in biomedicine and bourgeoning understanding of the genetic basis of 

cardiovascular and other diseases, reminiscent of the resurgence of innovations in physico-

mathematical sciences and biology-anatomy-cardiology in the Renaissance [10,103–106], a 

parallel time of radical change and reformation of medical knowledge, education and 

practice.

11.1. Clinical understanding of naturally occurring genomic differences/ variants

Health care providers increasingly have access to unconventional technologies that may 

identify molecular variations specific to an individual patient, which can subsequently be 

targeted for treatment. At present, we do not possess the competency to construct 

biomedicine’s equivalent of the Periodic Table. A complete delineation of the molecular 

“building blocks” of most multifactorial human disease syndromes (pathology/

pathophysiology) still remains sometime into the future. Indeed, the genetic factors 

contributing to complex trait variation may reside in regulatory (up until recently relegated 

to “junk DNA” status), rather than protein-coding portions of the genome. Variable 

penetrance with incomplete expression is common in many cardiac diseases and 

environmental and modifier gene [35] effects are increasingly appreciated as key 

components of pronounced genotype-phenotype plasticity.

The current state of understanding of genetics in cardiology is not yet adequate to supplant 

conventional clinical approaches to diagnosis and therapy to any large extent, but future 

work will undoubtedly attain much a more precise elucidation of gene variant–environment 

interactions regulating genotype–disease phenotype plasticity [35].

The current push for meaningful use of electronic health records (EHRs) and health-relevant 

events/history such as exposures to “environmental” risks, the revelation of the structure of 

the human genome, gene-gene and gene-environment interactions and the insights that flow 

from these, and the increasingly broad and pervasive online access to health data/

information generally, are all auspicious innovative developments for future advances. 

Electronic health data include copies of medical histories in textual and spoken form, x-ray 

and MRI images, and test results from biopsies and genetic microarrays.

Dealing with the data from millions of patients will require computing capabilities beyond 

those currently being used in medical research, and will require collaborations between 

medical researchers and a wide range of computer scientists and engineers providing user-

friendly software, reliable and secure cloud storage making every synced folder accessible 

everywhere for viewing or editing files, efficient search algorithms, and stable servers—file 

sync (synchronization) is a software-supported system keeping up-to-date files stored in 

different physical locations.
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Assembling and managing all of these data is a monumental task, but it could lead to much 

deeper understanding of disease processes and the way different medications affect different 

populations. Powerful analyses and tools, tailored to the particular user (e.g., cardiologist-

internist-surgeon), will extract useful information from the electronic record, while versatile 

abstraction and data mining tools will afford concise summaries of the data necessary for a 

given purpose.

Adaptive learning health systems will use data and technology to be taught by clinical 

experience. This would be achieved by systematically pulling together various types of 

patient information/data, including laboratory test results, genomic information, treatments, 

and clinical outcomes; analyzing the acquired data using artificial intelligence software; and 

by then translating the knowledge gained from these assessments into clinical practice [107]. 

Thus supported by multifaceted voluminous data, genomic diagnostics should be able to 

eventually shed light on the underpinnings of virtually every human malady, because 

virtually every disease has a genetic component.

If everyone has a whole genome sequence done at birth, it could be used throughout life, and 

the relevant information could be applied to other family members, as well. As health 

knowledge is mapped to individuals by the logical aggregation of their lifelong health 

information, patient-activated, cardiac event monitoring is an economical, diagnostic tool 

which will allow patients to record arrhythmia or ischemic episodes whenever and wherever 

they happen with the use of a miniature transmitter and, with the contribution of health 

professionals, should discern states requiring attention and trigger proactive interventions.

Such comprehensive implementations of genomics in clinical practice can strengthen the 

evidence-base on genomic approaches to medical practice. Moreover, they will speed up the 

translation of basic and clinical genomic research findings by encouraging health care 

professionals and organizations to apply the accruing knowledge to the process of changing 

routine conventional practice, potentially resulting in improved PMed processes and 

outcomes. It should be possible to move ahead with implementation/translation even as the 

evidence database is still expanding. Genomic medicine programs are currently heading in 

the right direction at several academic medical centers and large integrated health systems 

[108].

12. Ethical, legal and social implications of incorporating personalized 

practice into cardiology

Modern molecular genetics/genomics can provide the means to substantially impact many 

aspects of PCard, including the development of pharmacological treatments. Detailed 

genetic information enables the grouping of individuals through their polymorphisms. 

Ensuing studies of, e.g., genetic biomarkers have increased knowledge and aided the 

prediction of human disease, enabling more accurate diagnoses and improving the safety and 

efficacy of medications/interventions tailored to the needs of specific patient subgroups. It 

has also increased our understanding of the molecular mechanisms of diseases, allowing 

genes and their products to turn into targets of innovative molecular pharmacogenomic 

analyses and treatments aimed at modulating gene activity. A combination of stem cell 
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technologies, nuclear transfer and epigenetic modulation, plus gene-editing methods has 

made it generally feasible to manipulate the human genome.

12.1. The RNA-guided CRISPR-Cas9 nuclease system in PCard

Thus, a number of genome editing technologies have emerged, including the RNA-guided 

CRISPR-Cas9 nuclease system. Originally identified as a natural defense mechanism in 

bacteria, this system can be easily programed to cut and edit almost any DNA sequence in a 

variety of cell types and organisms. CRISPR-Cas9 targeted genome editing technology (see 

Appendix A) holds promise for PMed/PCard, by achieving human genetic modifications 

allowing targeted changes to almost any gene, and by promoting innovative treatments 

[109]. Cas9 is a nuclease—enzyme that cleaves the nucleotide chains in nucleic acids into 

smaller segments—guided by small RNAs through Watson-Crick base pairing with target 

DNA; it is highly specific, efficient and well-suited for high-throughput genome editing.

Potentially it can cure diseases by disrupting endogenous disease-causing genes, correcting 

disease causing mutations or inserting new genes with protective functions [110]. 

Consequently, CRISPR-Cas9 could potentially be used to actually treat complex multigenic 

cardiovascular disorders, which additionally involve interplay of “environmental” factors, 

such as coronary artery disease, hypertension, stroke, and hereditary cardiomyopathies, by 

cutting out defective genes and replacing them with their wild-type versions, or by repairing 

mutations. However, for the time being this remains theoretical—philosophically inclined 

readers will note here the Aristotelian potentiality–actuality dichotomy/distinction.

Although such applications augur substantial clinical/health advances, safety concerns and 

would-be Aristotelian “unintended consequences” render CRISPR-Cas9 genome editing a 

PMed/PCard topic of ethical debate. We have no knowledge of the reliability or efficiency of 

human genomic modification in practice. Genes might be more interconnected than we 

think. Could an intentional alteration in a gene provoke an unintended conversion in another 

part of the genome, or might it cause even a dysregulation of the entire genome, dispensing 

catastrophic downstream aftereffects?

Perceptively, Richard Dawkins, the English evolutionary biologist and author, expounds an 

adroit analogy in several of his books [cf., 111]: the genome not as a blueprint but, rather, as 

a recipe, or array of instructions for preparing the organism. This is a judicious analogy 

because, just as there is no way to map one portion of a cake to one part of the recipe, one 

part of the organism cannot be mapped to one part of the genome; furthermore, an isolated 

modification in the recipe/genome can modify the cake/organism as a whole—e.g., replacing 

baking powder with yeast gives a hard, bread-like texture to the cake as a whole.

12.2. Difficult dilemmas posed by genomic screening to identify DNA variants

The use of DNA-based screening for diseases that have a genetic component can pose 

particularly difficult dilemmas. It is easy to understand why there have been concerns about 

misuse of genetic information of this type. The prospect that we will be adept at identifying 

early in life [112], or even “preimplantation” [113], who will manifest serious diseases in 

middle or even old age raises thorny ethical issues: they pertain to discrimination in health, 

disability, and life insurance coverage, as well as in employment and, particularly, 
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stigmatization of carrier-status following genetic screening with obstacles in affording/

providing medical care [114,115]. The Genetic Information Nondiscrimination Act of 2008 

(GINA, [116]) is an Act of Congress in the United States designed to prohibit the use of 

genetic information in health insurance and employment.

12.3. Disease prediction and prevention

In general, therapeutic genome editing interventions in somatic cells are ethically accepted, 

allowing for the due balance between risks and benefits and the practice of informed 

consent. Thus, gene therapy for single-gene recessive disorders requires only gene addition 

for treatment, provided that the capacity to make sufficient amounts of a functional gene 

product yields amelioration of the disease. As noted above, often genes have more-than-one/

pervading effects, and secondary actions are in most cases unknown, so that altering a large 

number of genes might incur undetermined hazards. However, genetic manipulation of 

somatic cells for the purpose of treating or preventing complex cardiovascular diseases poses 

fewer ethical dilemmas than does manipulation aimed at germ cells or alteration of 

nondisease genes. Indeed, germline cell manipulations are fraught with danger.

In a pertinent current joint statement seeking a moratorium on the use of gene-editing and 

gene-altering technologies in the clinical setting, it has been emphasized [117] that “the 

possibility of human germline engineering has long been a source of excitement and unease 

among the general public, especially in light of concerns about initiating a ‘slippery slope’ 

from disease-curing applications toward uses with less compelling or even troubling 

implications. Manipulations that affect ova, spermatozoa, or totipotent cells such as 

blastomeres are heritable. Changes made to the DNA in these cells potentially can affect not 

only the treated individual but also his/her offspring. Thus, CRISPR/Cas9 genome editing 

can produce (side) effects and unpredictable inheritable changes transmissible to future 

generations. Clearly, the goals of germline cell manipulations constitute a major focus of the 

ethical debate that will decide when and if human germline genome engineering is applied 

[118].

In any case, I suspect that we are a long way away from the time when we will be able to say 

with corroborated confidence whether a baby will develop such multifactorial diseases in 

middle life, and when this information will be of any actuarial use. And quality of life for 

individuals who develop a particular disease is not predictable by genetic tests. Those who 

have exaggerated the likely speed of scientific progress in this arena, and hence have raised 

staid ethical concerns about its misapplication, have simply disregarded the enormously 

complex interactions between nature, nurture, and the pathology of aging, on which most of 

our common polygenic diseases are based. Further complications are posed by the 

uncertainties of future options. It is not possible to predict what therapies for management or 

cure of disease may be developed or when these therapies will be available to patients. Until 

this field is much further advanced, and adequate pilot studies have been completed to find 

out how reliable/consistent it may prove in practice, it will be problematic and not yet very 

productive to elaborate an adequate ethical framework for its wide-scale application.
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12.4. The many-sided ramifications of Post-HGP developments that underlie PMed/PCard

There is no doubt that the many-sided ramifications of post-HGP developments in genetics, 

which underlie PMed/PCard, have had an exceptional impact, provoking much excitement 

and concerns on the part of both health professionals and the public reflecting on the ethical 

framework demanded for doctors and the community at large, so as to cautiously contend 

with this complex and fast moving field. However, there is a critical factor which has 

hindered rational debate in post-HGP genetics, particularly regarding its PMed/PCard 

applications. Because its science/data is so new and complex, many doctors and specialists 

in biomedical ethics have had little more understanding of what is going on than the public 

at large.

Although a fair number of influential geneticists may have attempted to interpret the field in 

recorded interviews [119], including social and political issues, for their clinical colleagues 

and the overall community, potential medical applications/benefits of the post-HGP genetics 

were mostly communicated by basic scientists who—though “up-to-date” with genetics and 

molecular biology—had only scanty appreciation as regards the afflictions and concerns of 

seriously sick people.

In brief, because basic translational and clinical research have progressed so swiftly, there 

has been a rapidly widening communication gap between the basic biological sciences, the 

clinical world, bioethicists, and the public. As noted by the philosopher of science Jerome 

Ravetz, who analyzed scientific knowledge from a social and ethical perspective, science is a 

“delicate and vulnerable social activity” ([120], p. 72), and it involves many fine value 

judgments and is guided by the informal controls of scientific leaders and traditions rather 

than by formal rules and institutions, and to protect their work, scientists came to insist that 

it be separated from social concerns and that its guiding values all be internal to science 

itself [120].

However, the fast unfolding developments underlying PCard should be accompanied by 

broad, pluridisciplinary, collaborative, proactive work to anticipate and address emerging 

ramifications, including issues of health disparities, bioethics, patient privacy and the 

physician–patient relationship. To be sure, science is barreling forward, but the ethics aren’t; 

and we should not expect or want the science to slow down, but we should aspire that the 

ethics keep pace with it too—to avoid a forthcoming criticism that biomedical ethics are 

consistently lagging the present.

At the far end of the spectrum of the debate on the post-HGP foundations of PMed/PCard 

we reenter the “Brave New World” of Aldous Huxley—which he wrote before the structure 

of DNA was known, and consequently the biological techniques used in it to control the 

populace do not include genetic manipulations. It conjures fears about the serious misuse of 

genetics for changing the behavioral patterns of individuals for sinister ends, the 

augmentation of various physical traits for non-therapeutic purposes (enhance performance 

of athletes), and the like. Huxley’s novel, of course, is science fiction and such extreme 

paradigms are so far not based on scientific data. Thus, deliberations on their ethical aspects 

are not very fruitful. However, placed in a context that recognizes the current state of 

biomedical scientific progress, they may serve a purpose: undoubtedly, while we are in the 
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midst of a major biomedical scientific/technological revolution, we cannot foretell what will 

be rendered possible, sooner or later.

12.5. Blending scientific freedom and research-participant/patient dignity

The suitable balance between the values of scientific freedom and dignity of the individual 

patient/research-participant emerges as the dominant concern of PMed/PCard ethics. This 

general concern is undergoing a shift to informational and privacy themes in its clinical 

application. Specific concerns exist about the confidentiality and use of genetic information 

and results of genetic tests because, unlike many other specimens, genetic liquid biopsy 

information can be stored for long periods in the form of a frozen blood sample. Such 

samples provide a source of material that can be analyzed for factors other than that for 

which it was originally intended, and at a time removed from the collection and consent 

process.

As PCard becomes incorporated into clinical practice, ethical, legal and social implications 

should expand in scope and complexity to encompass legal and economic layers added by 

the potential impact of the patent system, and they will demand growing attention. At the 

same time, busy clinicians have many more pressing ethical issues to worry them, and for 

many the ethical concerns of the post-genomic genetics seemingly hold little immediate 

relevance to day-to-day practice.

12.6. Mushrooming bioinformatics data and inequalities in accessing it

These facts notwithstanding, two broad issues are likely to grow in importance: the 

repercussions of the mushrooming volume of health information related to PMed/PCard; and 

concerns regarding the PMed potential to exacerbate disparities in healthcare. Specifically, 

genomics, proteomics, transcriptomics, metabolomics and other Omics approaches—

together with bioinformatics and computational biology technologies that support the 

integration and processing of genomic records underlying PMed/PCard—yield enormous 

data compilations. With the HGP, molecular biology became part of the modern trend 

toward “big data science.” The ensuing application of these prolific technologies in clinical 

settings depends on sustained and coordinated investments in infrastructure science, such as 

databases and biobanks, and raises difficult issues related to privacy and discrimination. The 

availability of such data is also likely to bring about changes in physician–patient 

relationships and to add to personal injury litigations.

Furthermore, inequalities in research undertakings to assemble biomolecular evidence, as 

well as in securing access to healthcare services and bioinformatics technologies that make it 

easier to pull together genomic research data housed in private, public and hybrid “clouds,” 

are likely to accentuate existing healthcare disparities. Work on these issues will have to 

focus not only on inequalities in the promises for rational therapeutics and PMed/PCard 

existing within subpopu-lations in the developed societies, but also those impacting fair 

access to healthcare in low- and middle-income countries (LMICs) globally [121]. The 

challenge for innovation in post-genomic PMed/PCard is markedly much greater in LMICs 

where basic infrastructures are often under-resourced and anticipated institutional 

relationships can be fragile [122]. It will entail enormous financial costs [123].
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12.7. Regulatory agencies’ role in the diffusion of new PMed/PCard treatment modalities

Finally, translation of pharmacogenomics into public health action has been at the epicenter 

of the biomedical research and development (R&D) agenda since the completion of the 

HGP. Regulatory agencies nowadays form an important bottleneck before diffusion of new 

PMed/PCard treatment modalities can take place. Every change in treatment modalities 

including, e.g., the composition, production, and description of any medication, synthetic 

biology product, or pharmacogenomics test, and/or their potential use, has to be approved by 

these agencies, which make the final decisions regarding the indications for which the drug 

may be prescribed [124].

The agencies also determine a drug’s availability: in hospitals and/or in pharmacies; over the 

counter or only by prescription; prescribed by general physicians or only by a medical 

specialist. Additional regulatory agencies/branches aim at assuaging concerns about possible 

environmental harms, as might be associated with synthetic biology products connected with 

fundamental genomic studies [125].

13. Conclusions

Genetic variation influences disease predisposition and severity as well as treatment 

response. The use of genetic information to aid diagnosis, stratify risk and guide therapy can 

potentially impact most facets of cardiological practice. Now on the horizon is a diverse, 

individual patient-centered, approach to medical practice that encompasses the development 

of new, gene-based diagnostics and preventive medicine tactics, and offers the broadest 

range of personalized therapies based on pharmacogenetics. Development of new 

technologic approaches is a dynamic ongoing process since technologies themselves, their 

embedding and their impacts are shaped by complex co-construction processes by the 

different stakeholders involved. Therefore, the implementation of genomics in PMed/PCard 

can be accelerated by having ethicists, healthcare industry economists, and regulatory 

personnel work in-parallel with researchers and clinicians, rather than in-sequence, to 

effectively and efficiently transform practice.

Advancing knowledge of the genome may fundamentally alter our view of humanity. Over 

time, translation of genomic and high-tech approaches unquestionably will transform 

clinical practice in cardiology and medicine as a whole, with the adoption of new PMed 

procedures. Clearly, future prospects far outweigh present accomplishments, which are best 

viewed as a promising start. It is now essential for pluridisciplinary health care workers/

providers to examine the drivers and barriers to the clinical adoption of the emerging 

revolutionary paradigm, in order to expedite the realization of its potential. The time has 

come for all stakeholders to engage with each other in order to learn about relevant societal 

and ethical aspects of their work, in an effective co-constructive and problem-structuring 

process to put into operation PMed/PCard by formulating problems that encompass the 

proper policy objectives, alternatives, and expected outcomes. Ultimately, success must be 

certified not simply by clinicians, scientists, machines and technicians, but within a wider 

arena (the agora?) through public engagement. Admittedly, we are not there yet, but we are 

definitely on our way to achieving the vision of Hippocrates, Osler, and Garrod!
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Appendix A

Sequencing technology has exploded since the completion of the HGP. The contemporary 

sequencing technologies are far faster and cheaper than the prototypical Sanger sequencing, 

since they proceed in a massively parallel manner (meaning many strands of DNA are 

sequenced at once), generating far more data per instrument-run than the Sanger method, 

and thus demanding far bigger data storage facilities plus analysis and manipulation of much 

larger datasets than in the past. Numerous qualified laboratory exome- (the protein-coding 

portion of the genome) and genome-sequencing processes are necessary to support the 

identification, interpretation, and reporting of clinically significant variants.

Targeted approaches employing next-generation sequencing allow researchers to focus time, 

expenses, and data analysis on specific areas of interest. Such targeted examinations can 

encompass the exome, particular genes of interest, targets within genes, or mitochondrial 

DNA. Focused sequencing of a subset of genes or regions of the genome, generates smaller, 

more manageable data sets, and cuts turnaround times and data analysis costs.

DNA microarrays

To analyze one gene at a time in morphologically preserved tissue sections or cell 

preparations hybridization methods are applied. Contrariwise, the DNA microarray 

technology, also called genome chips, or DNA chips, provides a means to simultaneously 

analyze thousands of the genes. The array is an orderly arrangement of known DNA 

samples. Microarrays contain thousands of spots of DNA samples, or “probes,” which are 

commonly less than 200 microns in diameter, and analysis of the microarrays requires 

special imaging equipment and computer algorithms. Comparing spot portraits among 

samples of different pathological origins can identify diagnostic or prognostic biomarkers 

for complex diseases.

The DNA microarray is fabricated by spotting known DNA probes on a solid support such 

as glass or nylon through the use of high speed robotics [126]. The probes can either be 

known cDNA sequences (500–5000 bases) or synthetic oligonucleotides (20–80 nucleotides)

—cDNA, or complementary DNA is double-stranded DNA synthesized from a single 
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stranded RNA (e.g., messenger RNA (mRNA) or microRNA (microRNA)) template in a 

reaction catalyzed by the enzyme reverse transcriptase. The array is then exposed to 

fluorescent-labeled cDNA prepared from total sampled mRNA. This free “target” DNA will 

bind to the spots containing homologous sequences. The identity and abundance of the 

complementary sequences can then be determined.

It is also possible to mix DNAs prepared with different fluorescent labels. Signals are 

measured as absolute intensities for a given target, or as ratios of two probes with different 

fluorescent labels, representing two separate treatments to be compared, or with one probe 

as an internal control.

Regrettably, arrays suffer from a fundamental “design-bias”—they only return results from 

those genomic/DNA regions for which probes have been designed. And, as microarrays are 

limited in the number of single nucleotide polymorphisms (SNPs) they can contain, they 

tend to focus more on relatively common variants, at the expense of SNPs with lower minor 

allele frequency (MAF). Accordingly, arrays are only as good as the particular databases 

from which they are designed (need-based design). Although newer arrays are being 

designed with lower MAFs in mind, many investigators are drawn toward NGS and higher 

generation sequencing techniques, as they can pick up both common and rare variants—

circumvent the fundamental “design bias” of arrays.

Next (Second)-Generation, and Higher-Generation Sequencing

Next-generation genome sequencing (NGS) [35,127,128] does not have any such design-

bias/limitation. It can demonstrate functional DNA sequence variants that influence diseases 

ranging from atherosclerosis to hypertension, calcific aortic valve disease (CAVD), and 

familial cardiomyopathies [10,23,24,36,128–131]. NGS technologies are incredibly complex 

and produce prodigious amounts of sequence data in a massively parallel fashion and 

relatively inexpensively. They also present a challenge that is beyond technology: how to 

understand and appropriately translate the biology into something meaningful for individual 

patients.

Higher- [third- “3G” and fourth-generation “4G”] sequencing techniques are currently 

becoming available [132–134]. They differ from the NGS technologies, which rely on PCR 

chain-reaction amplification giving rise to sequencing errors. They can generate rapidly and 

accurately very long reads of sequence (10–20 kilobases long) from single molecules of 

DNA. Producing long reads is notable because it is intuitively less complicated to assemble 

genomes from fewer longer fragments of DNA. While these techniques are still not able to 

sequence an entire human genome in one run, they possess the potential to become powerful 

diagnostic tools. One obvious application may be to sequence the smaller genomes of 

various infectious agents from viral and bacterial outbreaks to identify genetic elements that 

may result in pathogenicity, survival, or antimicrobial resistance.

Massively parallel RNA sequencing (RNA-Seq)

Unlike DNA, levels of RNA (transcriptome, including mRNA, rRNA, tRNA, and other non-

coding RNAs [10,35,128,131] fluctuate in response to the Bernardian environment and other 
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factors. Consequently, sequencing RNA can bring to light an all-encompassing 

understanding of a person’s state of health at particular successive times. Innovative studies 

have linked genetic differences between individuals to RNA expression, translation, and 

protein levels (Fig. 2), although mRNA and protein levels are not mutually correlated that 

well despite the archetypical paradigm of gene → RNA transcript → protein [35,135, 136].

Regulation of protein levels/function can also occur at any post-transcriptional stage, 

involving pre-mRNA alternative splicing, the exportation of mature mRNAs from the 

nucleus, differences in the stability of mRNA molecules in the cytoplasm, factors impinging 

on the translation process by which polypeptides are constructed from mRNA on ribosomes, 

polypeptide assembly and 3D folding into functional mature proteins, and post-translational 

modifications or degradations of the proteins themselves.

Another NGS technology for massively parallel RNA sequencing, known as RNA-Seq 

[137,138], is emerging as a very effective tool to reveal RNA presence and quantity from a 

genome of interest at any particular time. In principle, a population of RNA is converted to a 

library of complementary DNA (cDNA) fragments and is then sequenced in a high-

throughput manner [139].

RNA-Seq can be used to analyze the changing cellular transcriptome of bodily organs and 

tissues, each adapted/specialized to perform distinct functions. Thus, it can show which 

RNAs are connected with complex diseases and can be used to study quantitative trait loci 

associated with gene expression in specific syndromes and in response to therapeutics and 

environmental conditions. RNA-Seq methods cover all aspects of the transcriptome without 

any a priori knowledge of it, allowing for the analysis of such things as novel transcripts, 

splice junctions and noncoding RNAs.

Genome-Wide Association Studies (GWAS), Whole Genome Sequencing 

(WGS), and Whole Exome Sequencing (WES)

Microarray-based genome-wide association studies (GWAS) are often conducted to help 

identify specific genes underlying complex disorders, and include large numbers of 

individuals that are screened for polymorphic markers at numerous genetic loci; a statistical 

association of particular markers with certain disorders indicates that a marked region of the 

genome could contribute to them. The HapMap Project has exploited GWAS as a powerful 

tool that facilitates the identification of genetic markers of disease and of genetic 

associations with complex conditions. For such genotyping studies, microarrays remain 

widely adopted because they are less expensive than NGS and much more suitable to 

processing thousands of samples required for typical GWAS. However, a lingering 

stumbling block is the cost of whole genome sequencing (WGS). To lower the cost per 

sample and increase the throughput in identifying variants/mutations which may be the root 

cause of various common human diseases, many investigators are focusing on techniques for 

sequencing specifically just all of the expressed genes in a genome, i.e., the exome. Whole 

exome sequencing (WES), currently costs about $400; WES concentrates the sequencing 

power on <2% (for humans and other mammals) of the genome encompassing the coding 

sequences for functional proteins and disregarding the rest [140]. Assuming that the most 
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significant mutations occur in coding regions, it becomes efficient, cost-effective, and 

timesaving to focus attention on exome analysis.

Whole exome sequencing (WES) is sequencing targeted to protein-coding exons and uses 

thousands of custom probes to extract the <2% of the genome that contains them. WGS 

entails all-inclusive sequencing of the entire genome; to reduce costs, WGS is typically 

performed at a lower sequencing depth—this refers to the number of times a base/ 

nucleotide is read during the sequencing process, and is also called redundancy of coverage 

[141]—and may lack the capacity to detect low-frequency mutations in heterogeneous 

samples. WES can yield evidence of exactly how a protein was rendered nonfunctional and 

why a patient might be susceptible to or actually have a specific disease. To date, demand 

has existed for tests offering more information, but continued demand will hinge on the cost 

of the testing, who is paying for it, and its outcomes.

The CRISPR-Cas9 genetic–phenotypic screen platform

Genetic screens are experimental techniques that can identify the causal relationship 

between genotype and phenotype by introducing perturbations into the genome and/or 

epigenome with the purpose of evaluating how (epi-) genome aberrations bring about 

phenotypic variations. Typically, genetic screens are conducted in cultured cells exploiting 

RNA interference or complementary DNA libraries, which have shortcomings.

Lately, the emergence of methods employing CRISPR-Cas9 (clustered regularly interspaced 

short palindromic repeats [CRISPR]-associated nuclease 9) introduces a versatile tool for 

genetic screen studies and genome/epigenome editing [142]. The CRISPR-Cas9 platform, in 

conjunction with single-gene-knockout collections of human cells [143], covering a sizable 

and growing fraction of the expressed human genome, allows systematic screens for a wide 

variety of cellular phenotypes and promises to boost the power of genetic-phenotypic 

screens in human applications [144].

Remarkable progress has been made over the past dozen years of NGS technology 

development in terms of speed, nucleic acid residues read-length, and throughput, along 

with a powerful reduction in per-base cost. These advances have rendered NGS into a 

molecular microscope and are paving the way for the growth of a large number of novel 

NGS applications in basic science and in translational research areas impacting PMed, such 

as clinical diagnostics and pharmacogenetics. Third-generation technologies such as single-

molecule sequencing in real time (SMRT) should further overhaul genomics research 

foundations of PMed, enabling: a more complete characterization of whole genome 

sequences and the information encoded therein; a more complete characterization of the 

transcriptome and of epigenetic modification mechanisms involving methylation patterns; 

and a better appreciation of interactions between proteins and nucleic acids regulating cell 

processes in development, growth, aging, and disease processes.
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Fig. 1. 
Marble statue of Hippocrates, ancient Greek physician considered as the Father of Western 

Medicine, in the city of Larissa in Thessaly, on the mainland of Greece. He envisioned the 

need for a Personalized Medicine.
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Fig. 2. 
The genome integrates intrinsic and environmental signals. The Bernardian environment and 

epigenetic regulatory factors influence through (bidirectional) information flow and 

signaling pathways variable human gene transcription and expression, while protein levels 

and function are affected by various posttranslational adjustments. Epigenetic genome 

modifications allow the stable propagation of gene activity states from one cell generation to 

the next; since epigenetic states are reversible, they can be modified by environmental 

factors, which may contribute to modifiable changes between normal and abnormal 
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phenotypes. Interfering with the activity of factors that modify the chromatin state can 

possibly affect the expression of unwanted genes. The human organism is effectively a 

“supraorganism,” an assemblage of human and microbial cells and genes and thus a blend of 

human and microbiome traits, including the metabolome. The relationship between different 

“-ome/-omics” components, protein levels, post-translational modification, protein 

localization and activity, leading to effects in cells and tissues and affecting phenotypic 

traits, is shown schematically in this general overview.
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Fig. 3. 
Substantial interindividual variability can emerge in the clinical response to accepted 

treatments for acute and chronic diseases. Genetic, metabolic and med history data can split 

patients into smaller groups, allowing treatments to be tailored with precision to the specific 

subgroups, so as to augment efficacy and minimize undesirable adverse effects.
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Fig. 4. 
Pharmacokinetics (PK) studies the time course of drug absorption, distribution, metabolism, 

and excretion and then applies resulting principles to the safe and effective therapeutic 

management of drugs in an individual patient Pharmacodynamics (PD) concerns the 

relationship between drug concentration at the site of action and the resulting response, 

including the time-course of therapeutic and adverse effects. The effect of a drug present at 

the site of action is determined by its binding with a receptor; receptors present on cardiac 

muscle affect, e.g., the intensity of contraction. Genotypic and epigenetic variability affect 
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drug response in several ways involving: varying receptor density on the cell surface; 

mechanisms by which a signal is transmitted within the cell by second messengers; or, 

complex factors controlling gene expression and protein production. This multilevel PD 

regulation results in variation of sensitivity to drug effect(s) from one individual to another 

and, combined with PK governing the amount of time that the drug is present at its action 

sites, also determines enhancement of or tolerance to drug actions and clinical outcome.
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Table 1

Genes commonly implicated in assorted cardiomyopathies in descending order of frequency

Gene Protein name

% of HCM associated with mutation of this gene

40% MYH7 Myosin-7

40% MYBPC3 Myosin-binding protein C, cardiac type

5% TNNT2 Troponin T, cardiac muscle

5% TNNI3 Troponin I, cardiac muscle

2% TPM1 Tropomyosin alpha-1 chain

% of DCM associated with mutation of this gene

20% TN Titin

6% LMNA Lamin-A/C

4.2% MYH7 Myosin-7

3%–4% MYH6 Myosin-6

2%–4% MYBPC3 Myosin-binding protein C, cardiac-type

Table prepared using data from pertinent chapters of GeneReviews [Pagon RA, Adam MP, Ardinger HH, et al., editors. GeneReviews® [Internet]. 
Seattle (WA): University of Washington, Seattle; 1993–2015].

Reproduced from Pasipoularides [35] with permission of the Journal of Cardiovascular Translational Research.

Int J Cardiol. Author manuscript; available in PMC 2018 March 01.


	Abstract
	1. Hippocratic origins of personalized medicine
	2. Genomic structures weave a thread through modern medicine: gene therapy
	2.1. The restructuring of genetics and its convergence with medicine

	3. Human diversity brings about the personalized medicine/cardiology paradigm
	3.1. Patient-specific cardiovascular dynamics simulations using multimodal measurements
	3.2. DNA variants and personalized strategies for diagnosis/treatment of genetic diseases
	3.3. Gene function prediction directly from genomic sequence data

	4. Diagnostic DNA sequencing systems
	5. From traditional trial-and-error to personalized precision medicine
	6. Molecular genomic decoding of phenotypic diversity
	6.1. Variable gene expressivity and regulatory controls
	6.2. Characterization of global sets of biological molecules: Omics-based tests

	7. Molecular pathology and diagnostics of disease
	7.1. Peripheral blood gene expression score for obstructive coronary artery disease

	8. Molecular genetic biomarkers
	8.1. Active mutations' expression may be fluctuating over time or transgenerationally

	9. Pharmacogenomics and pharmacogenetics in personalized medicine
	9.1. Drug metabolism in individual patients

	10. Challenges in implementing personalized medicine
	10.1. Genotyping assays and analysis of pleiotropic polymorphisms
	10.2. Practicality in communicating genomic information in a typical clinical setting
	10.3. Conventional clinical trials and innovative PMed/PCard approaches

	11. Future directions for a personalized cardiology: the challenge of the post-genomic era
	11.1. Clinical understanding of naturally occurring genomic differences/ variants

	12. Ethical, legal and social implications of incorporating personalized practice into cardiology
	12.1. The RNA-guided CRISPR-Cas9 nuclease system in PCard
	12.2. Difficult dilemmas posed by genomic screening to identify DNA variants
	12.3. Disease prediction and prevention
	12.4. The many-sided ramifications of Post-HGP developments that underlie PMed/PCard
	12.5. Blending scientific freedom and research-participant/patient dignity
	12.6. Mushrooming bioinformatics data and inequalities in accessing it
	12.7. Regulatory agencies’ role in the diffusion of new PMed/PCard treatment modalities

	13. Conclusions
	Appendix ASequencing technology has exploded since the completion of the HGP. The contemporary sequencing technologies are far faster and cheaper than the prototypical Sanger sequencing, since they proceed in a massively parallel manner (meaning many strands of DNA are sequenced at once), generating far more data per instrument-run than the Sanger method, and thus demanding far bigger data storage facilities plus analysis and manipulation of much larger datasets than in the past. Numerous qualified laboratory exome- (the protein-coding portion of the genome) and genome-sequencing processes are necessary to support the identification, interpretation, and reporting of clinically significant variants.Targeted approaches employing next-generation sequencing allow researchers to focus time, expenses, and data analysis on specific areas of interest. Such targeted examinations can encompass the exome, particular genes of interest, targets within genes, or mitochondrial DNA. Focused sequencing of a subset of genes or regions of the genome, generates smaller, more manageable data sets, and cuts turnaround times and data analysis costs.DNA microarraysTo analyze one gene at a time in morphologically preserved tissue sections or cell preparations hybridization methods are applied. Contrariwise, the DNA microarray technology, also called genome chips, or DNA chips, provides a means to simultaneously analyze thousands of the genes. The array is an orderly arrangement of known DNA samples. Microarrays contain thousands of spots of DNA samples, or “probes,” which are commonly less than 200 microns in diameter, and analysis of the microarrays requires special imaging equipment and computer algorithms. Comparing spot portraits among samples of different pathological origins can identify diagnostic or prognostic biomarkers for complex diseases.The DNA microarray is fabricated by spotting known DNA probes on a solid support such as glass or nylon through the use of high speed robotics [126]. The probes can either be known cDNA sequences (500–5000 bases) or synthetic oligonucleotides (20–80 nucleotides)—cDNA, or complementary DNA is double-stranded DNA synthesized from a single stranded RNA (e.g., messenger RNA (mRNA) or microRNA (microRNA)) template in a reaction catalyzed by the enzyme reverse transcriptase. The array is then exposed to fluorescent-labeled cDNA prepared from total sampled mRNA. This free “target” DNA will bind to the spots containing homologous sequences. The identity and abundance of the complementary sequences can then be determined.It is also possible to mix DNAs prepared with different fluorescent labels. Signals are measured as absolute intensities for a given target, or as ratios of two probes with different fluorescent labels, representing two separate treatments to be compared, or with one probe as an internal control.Regrettably, arrays suffer from a fundamental “design-bias”—they only return results from those genomic/DNA regions for which probes have been designed. And, as microarrays are limited in the number of single nucleotide polymorphisms (SNPs) they can contain, they tend to focus more on relatively common variants, at the expense of SNPs with lower minor allele frequency (MAF). Accordingly, arrays are only as good as the particular databases from which they are designed (need-based design). Although newer arrays are being designed with lower MAFs in mind, many investigators are drawn toward NGS and higher generation sequencing techniques, as they can pick up both common and rare variants—circumvent the fundamental “design bias” of arrays.Next (Second)-Generation, and Higher-Generation SequencingNext-generation genome sequencing (NGS) [35,127,128] does not have any such design-bias/limitation. It can demonstrate functional DNA sequence variants that influence diseases ranging from atherosclerosis to hypertension, calcific aortic valve disease (CAVD), and familial cardiomyopathies [10,23,24,36,128–131]. NGS technologies are incredibly complex and produce prodigious amounts of sequence data in a massively parallel fashion and relatively inexpensively. They also present a challenge that is beyond technology: how to understand and appropriately translate the biology into something meaningful for individual patients.Higher- [third- “3G” and fourth-generation “4G”] sequencing techniques are currently becoming available [132–134]. They differ from the NGS technologies, which rely on PCR chain-reaction amplification giving rise to sequencing errors. They can generate rapidly and accurately very long reads of sequence (10–20 kilobases long) from single molecules of DNA. Producing long reads is notable because it is intuitively less complicated to assemble genomes from fewer longer fragments of DNA. While these techniques are still not able to sequence an entire human genome in one run, they possess the potential to become powerful diagnostic tools. One obvious application may be to sequence the smaller genomes of various infectious agents from viral and bacterial outbreaks to identify genetic elements that may result in pathogenicity, survival, or antimicrobial resistance.Massively parallel RNA sequencing (RNA-Seq)Unlike DNA, levels of RNA (transcriptome, including mRNA, rRNA, tRNA, and other non-coding RNAs [10,35,128,131] fluctuate in response to the Bernardian environment and other factors. Consequently, sequencing RNA can bring to light an all-encompassing understanding of a person’s state of health at particular successive times. Innovative studies have linked genetic differences between individuals to RNA expression, translation, and protein levels (Fig. 2), although mRNA and protein levels are not mutually correlated that well despite the archetypical paradigm of gene → RNA transcript → protein [35,135, 136].Regulation of protein levels/function can also occur at any post-transcriptional stage, involving pre-mRNA alternative splicing, the exportation of mature mRNAs from the nucleus, differences in the stability of mRNA molecules in the cytoplasm, factors impinging on the translation process by which polypeptides are constructed from mRNA on ribosomes, polypeptide assembly and 3D folding into functional mature proteins, and post-translational modifications or degradations of the proteins themselves.Another NGS technology for massively parallel RNA sequencing, known as RNA-Seq [137,138], is emerging as a very effective tool to reveal RNA presence and quantity from a genome of interest at any particular time. In principle, a population of RNA is converted to a library of complementary DNA (cDNA) fragments and is then sequenced in a high-throughput manner [139].RNA-Seq can be used to analyze the changing cellular transcriptome of bodily organs and tissues, each adapted/specialized to perform distinct functions. Thus, it can show which RNAs are connected with complex diseases and can be used to study quantitative trait loci associated with gene expression in specific syndromes and in response to therapeutics and environmental conditions. RNA-Seq methods cover all aspects of the transcriptome without any a priori knowledge of it, allowing for the analysis of such things as novel transcripts, splice junctions and noncoding RNAs.Genome-Wide Association Studies (GWAS), Whole Genome Sequencing (WGS), and Whole Exome Sequencing (WES)Microarray-based genome-wide association studies (GWAS) are often conducted to help identify specific genes underlying complex disorders, and include large numbers of individuals that are screened for polymorphic markers at numerous genetic loci; a statistical association of particular markers with certain disorders indicates that a marked region of the genome could contribute to them. The HapMap Project has exploited GWAS as a powerful tool that facilitates the identification of genetic markers of disease and of genetic associations with complex conditions. For such genotyping studies, microarrays remain widely adopted because they are less expensive than NGS and much more suitable to processing thousands of samples required for typical GWAS. However, a lingering stumbling block is the cost of whole genome sequencing (WGS). To lower the cost per sample and increase the throughput in identifying variants/mutations which may be the root cause of various common human diseases, many investigators are focusing on techniques for sequencing specifically just all of the expressed genes in a genome, i.e., the exome. Whole exome sequencing (WES), currently costs about $400; WES concentrates the sequencing power on <2% (for humans and other mammals) of the genome encompassing the coding sequences for functional proteins and disregarding the rest [140]. Assuming that the most significant mutations occur in coding regions, it becomes efficient, cost-effective, and timesaving to focus attention on exome analysis.Whole exome sequencing (WES) is sequencing targeted to protein-coding exons and uses thousands of custom probes to extract the <2% of the genome that contains them. WGS entails all-inclusive sequencing of the entire genome; to reduce costs, WGS is typically performed at a lower sequencing depth—this refers to the number of times a base/ nucleotide is read during the sequencing process, and is also called redundancy of coverage [141]—and may lack the capacity to detect low-frequency mutations in heterogeneous samples. WES can yield evidence of exactly how a protein was rendered nonfunctional and why a patient might be susceptible to or actually have a specific disease. To date, demand has existed for tests offering more information, but continued demand will hinge on the cost of the testing, who is paying for it, and its outcomes.The CRISPR-Cas9 genetic–phenotypic screen platformGenetic screens are experimental techniques that can identify the causal relationship between genotype and phenotype by introducing perturbations into the genome and/or epigenome with the purpose of evaluating how (epi-) genome aberrations bring about phenotypic variations. Typically, genetic screens are conducted in cultured cells exploiting RNA interference or complementary DNA libraries, which have shortcomings.Lately, the emergence of methods employing CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats [CRISPR]-associated nuclease 9) introduces a versatile tool for genetic screen studies and genome/epigenome editing [142]. The CRISPR-Cas9 platform, in conjunction with single-gene-knockout collections of human cells [143], covering a sizable and growing fraction of the expressed human genome, allows systematic screens for a wide variety of cellular phenotypes and promises to boost the power of genetic-phenotypic screens in human applications [144].Remarkable progress has been made over the past dozen years of NGS technology development in terms of speed, nucleic acid residues read-length, and throughput, along with a powerful reduction in per-base cost. These advances have rendered NGS into a molecular microscope and are paving the way for the growth of a large number of novel NGS applications in basic science and in translational research areas impacting PMed, such as clinical diagnostics and pharmacogenetics. Third-generation technologies such as single-molecule sequencing in real time (SMRT) should further overhaul genomics research foundations of PMed, enabling: a more complete characterization of whole genome sequences and the information encoded therein; a more complete characterization of the transcriptome and of epigenetic modification mechanisms involving methylation patterns; and a better appreciation of interactions between proteins and nucleic acids regulating cell processes in development, growth, aging, and disease processes.
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